Isotope ratio measurements have been used to trace environmental processes, especially in subsurface 18 environments. In this study we evaluated the potential to use Zinc (Zn) 
participates in a diversity of biogeochemical processes in soil, sediments and aquatic settings. 1, 2 It is an 42 essential micronutrient at low concentrations 3 and toxic at higher concentrations. 4 Although sorption of 43
Zn is often assumed to be the primary process governing its fate and transport, 5, 6 it can precipitate as 44 sphalerite (ZnS), Zn hydroxide (Zn(OH) 2 ), Zn carbonate (ZnCO 3 ), or hydrozincite (Zn 5 (OH) 6 (CO 3 ) 2 ) that 45 control its concentrations in the environment. 6, 7, 8, 9, 10 46 Zinc has a high ionization potential making precise determination of the isotope ratios challenging with 47 conventional thermal ionization mass spectrometry. Advances in high-precision analytical 48 instrumentation such as the multicollector inductively-coupled plasma mass spectrometer 11 (MC-ICP-49 MS) have enabled the study of non-traditional stable isotope fractionation associated with 50 biogeochemical processes occurring in the environment. Zinc isotopic fractionation has been shown to 51 occur during sorption, 12,13,14 chemical diffusion, 15 and biological incorporation. 16 Isotope fractionation 52 has been reported to range from 0.5 -1 ‰ in oceanic sediments, 17 and soils and plants. 18 Zinc isotope 53 ratios have been used as indicators of biogeochemical processes, 19, 20 anthropogenic contamination in 54 river water samples, 20 watersheds, 21 wetlands, 22 ore deposits, 23 waste-rock drainage, 24 marine 55 sediments, 17 seawater, 25 and biological materials. 26 Variations in isotopic abundances of transition 56 metals such as Zn in biological and geochemical materials have stirred considerable interest into 57 identifying the underlying mechanisms governing isotope fractionation processes in nature. 58
The present study reports Zn isotope fractionation associated with attenuation processes that 59 control Zn mobility in the environment. The findings are relevant for interpreting trends in Zn isotopic 60 ratios in aquatic settings and in anticipating changes in water quality. 61 62 Aqueous Zn(II) was removed from solution over the course of 24 hours at pH 7.2 ( Figure S2 ). This 117 observation is consistent with previous findings that report Zn removal from solution in this pH range. 118 13, 14 Drifts in pH during the experiment were controlled with an auto-titrator. The sorption of Zn onto 119 ferrihydrite at a pH below the point of zero charge (PZC= 7.96 -8.0) of ferrihydrite 31,32 is likely due to the 120 formation of inner sphere sorption complexes. 14 In our experiments the aqueous concentration of Zn was observed to 129 decrease continuously over time ( Figure S2 ), suggesting that equilibrium was not attained in this study. 130
This may be due to differences in experimental conditions including a higher solid to liquid ratio (2 g/L vs 131 1 g/L), lower initial Zn concentration (0.08 mM vs 1 mM) and different Zn salt (ZnCl 2 vs Zn(NO 3 ) 2 ). 132
Consequently the lack of isotopic changes (δ66Zn) observed here could be attributed to kinetic effects. 133
Isotope fractionation associated with sorption has been recognized for several metals, but is highly 134 element specific. to uptake onto mineral surfaces should examine the effect of ionic strength. 150
Earlier spectroscopic studies indicated that the Zn ion physically sorbs onto ferrihydrite where it 151 retains its hydration shell resembling the spectrum of aqueous Zn 2+ irrespective of pH and adsorbate 152 loading. 39 The lack of isotope fractionation observed during the current study could be potentially 153 attributed to the unchanged Zn coordination during its uptake onto ferrihydrite. Alternatively an 154 equilibrium effect favoring heavier isotopes on the mineral surface balanced by a kinetic effect with 155 lighter isotopes moving/reacting faster (or vice versa) could potentially explain the absence of isotope 156 fractionation. 157
Zn Precipitate Characterization and Isotope Fractionation 158
The concentrations of Zn decreased in all the batch precipitation experiments with sulfide, carbonate, 159 and phosphate additions. Increasing concentrations of the counter-anion led to greater removal of Zn 160 9 from solution ( Figure S3 ). Time-dependent precipitation tests using a fixed counter-anion concentration 161
showed that equilibrium was attained in each experiment within less than 24 hours ( Figure S4A ). The pH 162 of the Zn carbonate and Zn phosphate suspensions remained circumneutral (Table S1 ). Geochemical 163 modeling using PHREEQC (WATEQ4 database) indicated that the formation of Zn(OH) 2 is not favored at 164 pH values < 7 (Table S1 ). This condition is particularly important because Zn(OH) 2 is known to 165 precipitate more rapidly than ZnCO 3 . 36 The pH of the sphalerite suspensions increased with increasing 166 sulfide concentration due to the basic nature of Na 2 S. Although PHREEQC calculations suggested the 167 formation of Zn sulfide (saturation index 11.93 as a mixture of sphalerite, wurtzite, and amorphous ZnS), 168 it also indicated the formation of Zn(OH) 2 Figure S6 ) and the absence of Zn(OH) 2 . These observation suggest that the rate 174 of sphalerite formation was greater than the rate of precipitation of Zn(OH) 2 although pH values > 7 175 were recorded in the precipitation tests at higher sulfide concentrations. The observed morphology 176 differs from the framboidal ZnS produced under sulfate reducing conditions in esturine sediments 42 and 177 those found in biofilms. The isotopic behavior of Zn during the precipitation of the three mineral phases can be 226 described using the Rayleigh fractionation model involving one reservoir and an isolated sink in a closed 227 system. 14, 35, 59 The isotope fractionation values () for sphalerite, hydrozincite and hopeite were 228 calculated as -0.30‰, +0.18‰, and +0.25‰ respectively. The data tends to deviate slightly from the 229 Rayleigh fractionation model towards smaller F values where a large degree of isotope fraction is 230 observed (Figure 1 ). This pattern is commonly observed when there is a finite pool of reactants typical of 231 those in closed systems. 232
The contrasting Zn isotope behavior observed during sphalerite precipitation vs hydrozincite and 233 hopeite can be used as indicators to deduce information about the composition and provenance of 234 environmental samples. 35 The differences in isotopic behavior can be potentially attributed to 235 differences in the coordination environment of Zn.
60, 44 The coordination of Zn(II) in aqueous solution is 236 usually octahedral that is characteristic of first-row transition metals. Zn(II) in sphalerite is tetrahedrally 237 coordinated with sulfur atoms. 61 The tetrahedral coordination with sulfur is different than tetrahedral 238 coordination with oxygen due to the larger atomic radius (0.88 Å) and mass (32.065) of sulfur atoms. In 239 contrast, Zn exhibits a combination of tetrahedral and octahedral coordination during the formation of 240 both hopeite and hydrozincite which can potentially explain the observed differences in Zn isotope 241 behaviour.
61,62,63 242
Environmental Implications 243
Our study shows that Zn isotope ratios can be used as indicators to study selected precipitation 244 processes that lead to changes in aqueous Zn. The loss of Zn from solution due to sphalerite 245 precipitation can be differentiated from loss due to carbonate/phosphate precipitation and adsorption, 246 because an increase in Zn isotope ratio implies sphalerite precipitation. 247
Over the past decade passive treatment techniques such as constructed wetlands, in situ treatment 248 systems, and permeable reactive barriers (PRBs) have been extensively employed for the remediation of 249 metal-impacted waters. 64 The design of such facilities relies on subsurface flow of water and the 250 maintenance of permeable, anoxic conditions. Organic carbon is utilized in constructed wetland systems 251 and in situ treatment systems and PRBs to promote the growth and activity of sulfate reducing 252 organisms, leading to the formation of metal-sulfide minerals including sphalerite. The alkalinity 253 13 generated in these biologically mediated systems also promotes the formation of metal carbonate 254 precipitates which could potentially include hydrozincite. 65 
SUPPORTING INFORMATION

Iron Oxide Synthesis
A batch of 2-line ferrihydrite was synthesized according to the method described by Antelo and co-workers. 1 Briefly, 40 g of unhydrolyzed crystals of Fe(NO 3 ) 3 were dissolved in 500 mL deionized water that was vigorously stirred during the addition of 350 mL of 1 M KOH (pH 7.5). The resulting precipitate was washed ten times by centrifugation (10000 G for 15 minutes) and lyophilized (Labconco) for 24
hours and stored at -20˚C. Each batch of ferrihydrite was used within a week following preparation to prevent phase transformation to goethite. Samples of ferrihydrite were periodically checked by X-ray diffraction (XRD) to ensure the absence of goethite ( Figure S1 ).
Zinc Precipitation Experiments
Zinc sulfide was precipitated in a series of batch experiments involving 8 mM ZnSO 4 (523 mg L Products, Grass Lake, MI) with occasional shaking.
The precipitation tests for Zn carbonate hydroxide and Zn phosphate were similar to Zn sulfide in that an acidic and anoxic solution of 8mM ZnCl 2 was amended with varying concentrations of NaHCO 3 and Na 3 PO 4 , respectively in a series of batch experiments. Although spontaneous Zn precipitation was observed under all test conditions, the centrifuge tubes containing Zn sulfide, Zn carbonate, and Zn phosphate were allowed to remain in the anoxic glove-box for 24 hours prior to centrifugation and filtration. The tubes were centrifuged at 6000 XG for 20 minutes and filtered using 0.2 m PES filters.
The pH of the supernatant was measured and a subset of the filtrate was tested for alkalinity. The remaining filtrate was acidified for bulk aqueous chemistry and isotope analysis. Total alkalinity was measured using a HACH digital titrator (Model 16900) and titrated with 0.16 N H 2 SO 4 to an endpoint of pH 4.5 using bromocresol green-methyl red as a pH indicator.
Solid Phase Characterization
SEM
The morphologies of the Zn precipitates were observed using a Zeiss Ultra scanning electron microscope (SEM) at the Waterloo Advanced Technology Laboratory (WATLab). The Zn precipitates were freeze-dried and the dry powder was loaded onto SEM sample stubs. A layer of carbon tape was applied to the sample stubs before loading the samples. The images were acquired at a working distance of 10 millimeters using an in-lens detector. Selected samples were sputter-coated briefly with Au to minimize sample charging during image acquisition.
X-ray diffraction (XRD)
The structure of the solid phase precipitates was confirmed using a Bruker D8 Focus X-Ray Diffractometer (XRD) equipped with a Cu Kα source. Measurements were carried out using a step-time of 1s, step-size of 0.05 ranging from 5 to 90 2-theta. Background subtraction and peak identification were carried out using the Diffrac.Suite EVA software.
Synchrotron powder diffraction (SRPD)
A sample of ferrihydrite was ground in a clean mortar and pestle and loaded into polyimide capillary tubes (Cole-Parmer: 95820-06). The ends of the tube were sealed using glue (Loctite 454) and the samples were analyzed at beamline 08B1-1 (CMCF-BM) at the Canadian Light Source. Diffraction data was collected from 5 to 40 2θ using a wavelength (λ) of 0.688 Å. The data was processed using the GSAS-II Crystallography data analysis software. Figure S6: X-ray diffraction confirming the identity of zinc precipitates. The major peaks for each phase is highlighted; hopeite (H), sphalerite (S) and hydrozincite (Hz). 
